Angelman syndrome (AS) is a neurogenetic disorder caused by deficiency of maternally expressed ubiquitin-protein ligase E3A (UBE3A), an E3 ligase that targets specific proteins for proteasomal degradation. Although motor function impairment occurs in all patients with AS, very little research has been done to understand and treat it. The present study focuses on Ube3A deficiency-induced alterations in signaling through the mechanistic target of rapamycin (mTOR) pathway in the cerebellum of the AS mouse model and on potential therapeutic applications of rapamycin. Levels of tuberous sclerosis complex 2 (TSC2), a negative regulator of mTOR, were increased in AS mice compared with wild-type mice; however, TSC2 inhibitory phosphorylation was also increased. Correspondingly, levels of phosphorylated/active mTOR were increased. Phosphorylation of the mTORC1 substrates S6 kinase 1 (S6K1) and S6 was elevated, whereas that of the mTORC2 substrates AKT and N-myc downstream regulated 1 was decreased, suggesting enhanced mTORC1 but inhibited mTORC2 signaling. Semi-chronic treatment of AS mice with rapamycin not only improved their motor performance but also normalized mTORC1 and mTORC2 signaling. Furthermore, inhibitory phosphorylation of rictor, a key regulatory/structural subunit of the mTORC2 complex, was increased in AS mice and decreased after rapamycin treatment. These results indicate that Ube3A deficiency leads to overactivation of the mTORC1-S6K1 pathway, which in turn inhibits rictor, resulting in decreased mTORC2 signaling in Purkinje neurons of AS mice. Finally, rapamycin treatment also improved dendritic spine morphology in AS mice, through inhibiting mTORC1 and possibly enhancing mTORC2-mediated regulation of synaptic cytoskeletal elements. Collectively, our results indicate that the imbalance between mTORC1 and mTORC2 activity may contribute to synaptic pathology and motor impairment in AS.
Introduction
Angelman syndrome (AS) is a genetic neurodevelopmental disorder characterized by severe developmental delay, language and cognition deficits, motor impairment manifested with gait imbalance and ataxia (Barry et al., 2005; Chamberlain et al., 2010) , and, in some patients with AS, seizure activity (Peters et al., 2004; Barry et al., 2005; Dan, 2009) . AS is caused by deficiency in expression of the maternally inherited ubiquitin-protein ligase E3A (UBE3A) gene (Lalande and Calciano, 2007) . Mice with maternal Ube3A deficiency (AS mice) exhibit impairment in long-term potentiation, learning and memory (Jiang et al., 1998; van Woerden et al., 2007; Kaphzan et al., 2012) , and motor dysfunction (Jiang et al., 1998; Heck et al., 2008; Huang et al., 2013) . Although several laboratories have studied hippocampal-related learning and memory impairments in AS mice (Weeber et al., 2003; Greer et al., 2010; Cao et al., 2013) , cerebellumdependent motor dysfunction, which is a characteristic feature of AS, has not been addressed to the same extent.
The mechanistic target of rapamycin (mTOR) is an integrator of signaling from growth factors and energy status and plays critical roles in both brain development and synaptic plasticity. The two mTOR complexes, mTORC1, coupled to raptor, and mTORC2, coupled to rictor, respond to different signals and target different substrates; mTORC2 is mainly stimulated by growth factors, whereas mTORC1 responds to a number of signals, including growth factors, amino acids, oxygen, and energy status (Laplante and Sabatini, 2012) . Abnormal mTOR signaling has been implicated previously in many neurodevelopmental disorders, including autism spectrum disorders (ASDs; for a recent review, see Ehninger and Silva, 2011) .
Previous reports have linked abnormal levels of UBE3A expression to ASDs (Guffanti et al., 2011; Smith et al., 2011) . Moreover, UBE3A has been shown to degrade tuberous sclerosis complex 2 (TSC2) (Zheng et al., 2008) , a component of the TSC1/ TSC2 complex that inhibits mTOR activation. Selective knock-out of TSC1 or TSC2 in Purkinje neurons alone induces autismlike behaviors in mice (Tsai et al., 2012; Reith et al., 2013) , as well as Purkinje cell degeneration (Reith et al., 2011; Tsai et al., 2012) . Therefore, we investigated whether maternal Ube3A deficiency affected levels of TSC2 and altered mTOR signaling in the cerebellum of AS mice through modifications of specific protein kinase(s), because TSC2 activity has also been shown to be regulated by several kinases, including AKT, ERK1/2, and p90 ribosomal S6 kinase 1 (RSK1; for review, see Huang and Manning, 2008 ). Here we report that Ube3A deficiency resulted in increased levels of TSC2 and its inhibitory phosphorylation. The inhibitory TSC2 phosphorylation was mediated by a rapamycinsensitive kinase. TSC2 inhibition was associated with increased mTORC1 activity as evidenced by increased S6 kinase 1 (S6K1) and S6 phosphorylation but decreased mTORC2 activity with reduced AKT and N-myc downstream regulated 1 (NDRG1) phosphorylation. Furthermore, mTORC2 inhibition was linked to S6K1-mediated inhibitory phosphorylation of its regulator, rictor. These results support the notion that, in AS mice, overactivation of mTORC1 as a consequence of TSC2 inhibition suppresses mTORC2 via S6K1-mediated rictor phosphorylation. Finally, rapamycin treatment improved dendritic spine morphology of Purkinje neurons and motor function in AS mice.
Materials and Methods

Animals
Ube3A
tm1Alb/J mice (AS mice) were purchased from The Jackson Laboratory. Wild-type (WT) and AS mice were obtained in-house through breeding of heterozygous females with WT males. Genotype was determined as described previously . Animal handling and experimental use followed protocols approved by the local Institutional Animal Care and Use Committee. In all experiments, male AS mice aged 2-4 months were used. Control mice were age-matched, male, WT littermates. Mice were raised on a 12 h light/dark cycle, with food and water available ad libitum, and were housed in groups of two to three per cage.
Rapamycin treatment
Rapamycin (LC Laboratories) was dissolved in 100% DMSO and stored in a stock solution of 5 mg/ml at Ϫ20°C. A working solution was prepared immediately before injection with a final concentration of 0.5 mg/ml rapamycin, 10% DMSO, 5% Tween-80, and 5% polyethylene glycol 400. Two-to 3-month-old male AS and WT mice were injected intraperitoneally with either rapamycin (5 mg/kg) or vehicle once a day for a total of 7 d before behavioral tests.
Behavioral tests
Each mouse underwent the behavioral tests in the same order, starting with the gait analysis, followed by the rotarod test.
Gait analysis. For footprint gait analysis, mice paws were dipped in nontoxic paint, and mice were placed at an open end of a wooden tunnel (40 ϫ 5 cm) lined with white paper. Mice were trained for 2 d to walk through the tunnel and then tested for two trials. Two to four steps from the middle portion of each run were analyzed for hind-stride length and hind-base width (distance between the right and left hindlimb strides, sway distance). At least five steps were measured for each mouse. Mean values were used for statistical analysis.
Rotarod test. The experimental procedure was adapted from procedures described previously (Chen et al., 2009; Mulherkar and Jana, 2010) using a rotarod apparatus (Med Associates). The total testing period lasted 8 d: 1 training day, followed by 7 trial days. Rapamycin or vehicle was given 30 min before the rotarod test. For day 1 training, the rotor was set at a constant speed of 4 rpm, and animals were placed on the rod for 30 s. If the animal fell off the rod before the end of the 30 s, they were placed back on the rod. This was repeated until the animal could maintain itself on the rod for the full 30 s duration. Trial days 1 through 7 consisted of four trials of 5 min each. The rod was set to ramp up from 4 to 40 rpm over the course of 5 min. Four mice per trial were placed on the stationary rod, which was turned on once all mice were in place. The trial ended when the animal fell off the rod or at the end of 5 min, and the latency to fall was recorded in seconds. Trials were repeated four times per day with at least a 15 min rest period for each animal between trials. Data were expressed as the average time, in seconds (means Ϯ SEMs), of the latency to fall.
Immunohistochemistry
Twenty-four hours after the last rapamycin treatment, mice were killed under deep anesthesia using pentobarbital (administered intraperitoneally) and were perfused through the left cardiac ventricle with PBS, followed by 4% paraformaldehyde. Sagittal cerebellar sections (25 m) were prepared with a cryomicrotome. Free-floating sections were processed for immunohistochemical staining as described previously (Qin et al., 2009) , with few modifications. In brief, tissue sections were blocked for 1 h at room temperature (RT) in 5% goat serum with 0.3% Triton X-100 in PBS. After blocking, sections were incubated in primary antibody diluted in a solution of 1% BSA with 0.3% Triton X-100 in PBS at 4°C overnight. Antibodies for the following were used: UBE3A (1:400; catalog #E8655; Sigma), calbindin (1:400; catalog #13176; Cell Signaling Technology), calbindin (1:500; catalog #300; Swant), phosphorylated ( p) mTOR-Ser2481 (1:100; catalog #2974; Cell Signaling Technology), p-S6K1-Thr389 (1:100; catalog #9205; Cell Signaling Technology), and p-AKT-Ser473 (1:100; catalog #4060; Cell Signaling Technology). The following day, sections were briefly washed at RT three times in PBS, followed by incubation with secondary antibodies (Alexa Fluor-488 antimouse, 1:500; Alexa Fluor-594 anti-rabbit, 1:500; and Alexa Fluor-555 anti-rabbit, 1:500) diluted in a solution of 1% BSA with 0.3% Triton X-100 in PBS at RT for 2 h with gentle rocking. Sections were then washed four times at RT in PBS and mounted using Vectashield mounting media with DAPI to stain cell nuclei. Brain sections were imaged using a Nikon confocal microscope with a 60ϫ objective.
Tissue collection, P2/S2 fractionation, and Western blot analysis
Twenty-four hours after the last rapamycin treatment, mice were deeply anesthetized using gaseous isoflurane and then decapitated. The whole brain was removed, and various brain regions including the cerebellum were dissected. Brain tissues were immediately frozen on dry ice and stored at Ϫ80°C until processed further.
For P2/S2 fractionation, frozen cerebellum tissue was homogenized in ice-cold HEPES-buffered sucrose solution (0.32 M sucrose and 4 mM HEPES, pH 7.4) with protease inhibitors. Homogenates were centrifuged at 900 ϫ g for 10 min to remove large debris (P1). The supernatant (S1) was then centrifuged at 11,000 ϫ g for 20 min to obtain the crude synaptosomal (P2) and cytosolic (S2) fractions. The P2 pellets were sonicated in RIPA buffer (10 mM Tris, pH 8, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS). For whole homogenates, cerebellum tissue was homogenized in RIPA buffer. Protein concentrations were determined with a BCA protein assay kit (Pierce).
Western blots were performed according to published protocols (Wang et al., 2014) . Briefly, 10 -25 g of total protein was separated on 8% SDS-PAGE gels and then transferred to PVDF membrane (Millipore). After blocking with 3% BSA for 1 h, membranes were incubated with specific antibodies overnight at 4°C. Antibodies for the following were used: UBE3A (1:2000; catalog #E8655; Sigma), raptor (1:1000; catalog #2280; Cell Signaling Technology), p-mTOR-Ser2448 (1:1000; catalog #2971; Cell Signaling Technology), p-mTOR-Ser2481 (1:1000; catalog #2974; Cell Signaling Technology), mTOR (1:1000; catalog #2972; Cell Signaling Technology), p-S6K1-Thr389 (1:1000; catalog #9205; Cell Signaling Technology), S6K1 (1:1000; catalog #9202; Cell Signaling Technology), p-S6 -Ser235/236 (1:1000; catalog #2211; Cell Signaling Technology), p-S6 -Ser240/244 (1:1000; catalog #2215; Cell Signaling Technology), S6 (1:1000; catalog #2217; Cell Signaling Technology), p-AKT-Ser473 (1:1000; catalog #4060; Cell Signaling Technology), p-AKT-Thr308 (1:500; catalog #4056; Cell Signaling Technology), AKT (1:1000; catalog #2920; Cell Signaling Technology), p-NDRG1-Thr346 (1:1000; catalog #3217; Cell Signaling Technology), p-TSC2-Thr1462 (1:1000; catalog #3611; Cell Signaling Technology), TSC2 (1:1000; catalog #4308; Cell Signaling Technology), p-rictor-Thr1135 (1:1000; catalog #3806; Cell Signaling Technology), rictor (1:1000; catalog #A300-459A; Bethyl), p-insulin receptor substrate 1 (IRS1)-Ser636/639 (1:1000; catalog #2388; Cell Signaling Technology), IRS1 (1:1000; catalog #sc-559; Santa Cruz Biotechnology), p-ERK (1: 1000; catalog #9106; Cell Signaling Technology), ERK (1:1000; catalog #9102; Cell Signaling Technology), and ␤-actin (used as loading control; 1:10,000; catalog #A5541; Sigma). After incubation in the primary antibody, membranes were then incubated with IRDye secondary antibodies for 2 h at RT. Antibody binding was detected with the Odyssey imaging system. Images were analyzed for differences in levels using LI-COR Image Studio Software.
Dendritic spine analysis
Twenty-four hours after the last rapamycin treatment, mice were deeply anesthetized using gaseous isoflurane and then decapitated. The cerebellum was quickly removed, and Golgi impregnation was performed according to the protocol outlined in the FD Rapid GolgiStain Kit (FD Neurotechnologies). One hundred micrometer sagittal sections of the cerebellum were cut and mounted. Images of dendritic branches of cerebellar Purkinje cells were acquired using a Zeiss light microscope with a 60ϫ objective. The number of spines located on randomly selected dendritic branches was counted manually by an investigator blind to genotype and treatment. Spine density was calculated by dividing the number of spines on a segment by the length of the segment and was expressed as the number of spines per micrometer of dendrite. Five to seven distal dendritic branches between 10 and 20 m in length were analyzed and averaged for a slice mean.
Statistical analysis
Error bars indicate SEM. To compute p values, unpaired Student's t test and two-way ANOVA with Newman-Keuls post hoc test were used, as indicated in the figure legends.
Results
Abnormal mTOR pathway signaling in cerebellar Purkinje neurons of AS mice
We first determined the expression pattern of Ube3A in the cerebellum. Immunofluorescence staining showed that, in WT mice, Ube3A was mostly expressed in cell bodies and dendrites of Purkinje neurons, which were immunopositive for calbindin (Fig. 1A) . In contrast, only very weak Ube3A immunoreactivity was detected in Purkinje neurons of AS mice. Ube3A deficiency in AS mice was confirmed by Western blot (Fig. 1B) . Western blot analysis of whole homogenates from the cerebellum also showed that TSC2 levels were significantly higher in AS mice compared with WT mice. However, levels of p-mTOR at Ser2448 and Ser2481, the active isoforms of mTOR (Hoeffer and Klann, 2010) , were also increased in AS mice ( Fig. 1 B, C) , although levels of raptor ( Fig. 1 B, C) , a component of mTORC1, were not different between WT and AS mice. Furthermore, levels of p-S6K1 (p-S6K1-Thr389) and S6 (p-S6 -Ser235/236 and p-S6 -Ser240/ 244), two downstream target proteins of mTORC1, were also significantly increased, suggesting that the activity of mTORC1 was enhanced in AS mice compared with WT mice. Conversely, levels of p-NDRG1 (p-NDRG1-Thr346), a downstream target protein of mTORC2, were significantly decreased, suggesting that the activity of mTORC2 was reduced in AS mice compared with WT mice. Immunostaining results confirmed that levels of both p-mTOR and p-S6K1 were increased in Purkinje neurons of AS mice (Fig. 1 D, E) . Furthermore, both p-mTOR and p-S6K1 showed puncta-like staining patterns along the dendrites of Purkinje neurons (Fig. 1 D, E) .
Increased mTORC1 activity contributes to motor dysfunction in AS mice
To test whether increased mTOR activation in Purkinje neurons could contribute to motor function impairment in AS mice, we used the rotarod paradigm and footprint gait analysis, which have been shown to be altered in AS mice (Jiang et al., 1998; Heck et al., 2008; Huang et al., 2013) , to determine whether mTOR inhibition with rapamycin affected motor function in AS mice. AS mice and their WT littermates were treated daily with either rapamycin (5 mg/kg) or vehicle for 1 week, and the treatment was continued for another week during the rotarod test. Compared with vehicle-treated WT mice, vehicle-treated AS mice showed a shorter latency to fall each trial day ( Fig.  2A) . Rapamycin-treated AS mice performed significantly better than vehicle-treated AS mice starting from day 2 of the 7 d trial ( Fig. 2A) , although they did not perform as well as the WT mice. Rapamycin treatment did not affect WT mice performance. Gait was analyzed by footprint measurement at the end of the first week of rapamycin or vehicle treatment. Sway distance was significantly increased (Fig. 2B ), whereas stride length was reduced (Fig. 2C ), resulting in a wider and shorter gait in AS mice compared with WT mice. Rapamycin treatment decreased sway distance and increased stride length in AS mice, revealing a significantly improved motor coordination ( Fig. 2 B, C ; no difference from WT mice), but it had no effect on WT mice. These results suggest that increased cerebellar mTOR activity contributes, at least partially, to motor dysfunction in AS mice.
Increased levels of TSC2 and its inhibitory phosphorylation in AS mouse cerebellum
Because mTOR activity was increased despite high TSC2 levels in AS mice, we determined TSC2 phosphorylation in AS mice, because recent reports indicated that phosphorylation of TSC2 at Thr1462 inhibits its activity (for recent reviews, see Huang and Manning, 2008; Laplante and Sabatini, 2012) . In this set of experiments, crude membrane fraction (P2) was used. Like in whole homogenates, TSC2 levels in the P2 fraction were higher in AS mice compared with WT mice. However, phosphorylation of TSC2 at Thr1462 (p-TSC2) and the ratio of p-TSC2/total TSC2 were also increased in the P2 fraction of AS mice (Fig. 3) . Rapamycin treatment significantly reduced p-TSC2 levels in AS and WT mice but did not alter total TSC2 levels (Fig. 3) . These results suggest that increased TSC2 inhibitory phosphorylation may reduce its inhibition on mTOR and that phosphorylation of TSC2 at Thr1462 is mediated by a rapamycin-sensitive kinase. ERK1/2 has been shown to phosphorylate and inhibit TSC2; however, Western blot results showed that ERK1/2 activation/ phosphorylation was increased in the cytosolic fraction in AS mice, but the increase was not reduced by rapamycin treatment (Table 1) .
Increased mTORC1 and reduced mTORC2 activity in cerebellum of AS mice are normalized by rapamycin treatment To determine whether rapamycin treatment-mediated improvements in motor function were related to its effects on the mTOR pathway, we analyzed cerebellar crude membrane (P2) and cytosolic (S2) fractions from rapamycin-treated mice and compared them with those of vehicle-treated mice. As with whole homogenates, levels of mTOR phosphorylated at Ser2448 and Ser2481 were increased in both P2 and S2 fractions from vehicle-treated AS mice (Fig. 4) . Rapamycin treat-ment significantly reduced mTOR phosphorylation at Ser2448 and Ser2481 in both P2 and S2 in fractions of AS mice (Fig. 4) . Rapamycin treatment also reduced levels of mTOR phosphorylated at Ser2481 but not at Ser2448 in both P2 and S2 of WT mice, which is in agreement with the notion that Ser2481 is an autophosphorylation site.
We next evaluated mTORC1 and mTORC2 activity by analyzing the phosphorylation status of some of their respective downstream substrates. Levels of p-S6K1-Thr389 and p-S6 -Ser235/236/p-S6 -Ser240/244 were significantly increased in both P2 and S2 fractions of AS mice compared with WT mice (Fig. 5) , and the increases in AS mice were significantly reduced in both P2 and S2 fractions by rapamycin treatment (Fig. 5) . These results confirmed that mTORC1 is overactive in AS mice compared with WT mice. Rapamycin treatment also significantly reduced S6K1 and S6 phosphorylation in WT mice (Fig. 5) , suggesting that active mTORC1 signaling is present in the cerebellum of WT mice under physiological conditions.
We then determined levels of AKT phosphorylated at Ser473, a specific site for mTORC2. p-AKT-Ser473 levels were significantly reduced in both P2 and S2 fractions in AS mice compared with WT mice, which is consistent with our p-NDRG1 results. Interestingly, the reduction in AKT phosphorylation was reversed by rapamycin treatment (Fig. 6) . Rapamycin treatment also increased levels of p-AKT-Ser473 in WT mice but only in the membrane fraction. Immunofluorescence examination confirmed the Western blot results (Fig. 6D) . Furthermore, p-AKT-Ser473 showed a puncta-like staining pattern along the dendrites of Purkinje neurons, and the decrease in immunoreactive puncta in AS mice was reversed by rapamycin treatment (insets in Fig. 6D) . Notably, AKT phosphorylation at Thr308 was also significantly reduced in both P2 and S2 fractions in AS mice compared with WT mice, and the reduction was reversed by rapamycin treatment (Table 1) . These results suggest that, unlike mTORC1, mTORC2 activity was reduced in AS mice and that the reduction was related to mTORC1 activation, because rapamycin treatment not only reduced mTORC1 activity but also normalized mTORC2 activity. Furthermore, mTORC1-dependent suppression of mTORC2 also occurred in WT mice, suggesting that this cross-regulation between the two mTOR complexes may play important roles under physiological conditions. It is noteworthy that total protein levels of mTOR and mTORC1 and mTORC2 substrates were not significantly altered in AS mice (Table 1) , further confirming changes in mTORC1 and mTORC2 activities but not protein levels.
mTORC1 inhibits mTORC2 through S6K1-mediated phosphorylation of rictor We next determined the molecular mechanism underlying mTORC1-mediated mTORC2 inhibition. Previous studies have shown that S6K1 phosphorylates and inhibits rictor, a key regulatory/structural subunit of the mTORC2 complex. S6K1 phosphorylates rictor at Thr1135, thereby inhibiting mTORC2-dependent phosphorylation of AKT at Ser473 (Julien et al., 2010) . Therefore, we determined levels of rictor phosphorylated at Thr1135 (prictor). Levels of p-rictor were significantly increased in both P2 and S2 fractions of AS mice compared with WT mice, and the increase was reversed by rapamycin treatment (Fig. 7) . Rapamycin treatment also decreased levels of p-rictor in both P2 and S2 fractions of WT mice (Fig. 7) , an effect similar to that observed for p-S6K1, especially in P2 fraction. Conversely, phosphorylation at Ser636/639 of IRS1, another feedback regulation target of active S6K1, was only significantly increased in P2 fraction of AS mice compared with WT mice, and the increase was not affected by rapamycin treatment (Table 1) . Therefore, these results suggest that S6K1-mediated rictor inhibitory phosphorylation is likely responsible for reduced mTORC2 activity in AS mice. The inhibitory phosphorylation also occurs in WT mice, suggesting a potential physiological function of this regulation.
Rapamycin treatment improves Purkinje neuron dendritic spine morphology in AS mice
Previous studies have suggested that morphological changes in dendritic spines of Purkinje cells are associated with motor learning impairment (Lee et al., 2007) . Therefore, we performed Golgi staining in cerebellum of WT and AS mice treated with rapamycin or vehicle to determine the role of alterations in mTOR signaling in abnormal dendritic spine morphology and density. As reported previously (Dindot et al., 2008) , dendritic spines of Purkinje neurons appeared "mushroom like," with large heads and thin, short necks studded along dendrites in WT mice, whereas dendritic spines displayed an inconsistent morphology in AS mice. The density of spines was lower in AS mice compared with WT mice (Fig. 8) , and rapamycin treatment normalized the number and appearance of Purkinje neuron dendritic spines in AS mice but it did not affect these parameters in WT mice. Quantification revealed that AS mice showed a significant reduction in spine density compared with WT mice (1.56 Ϯ 0.05 vs 2.10 Ϯ 0.07/m, means Ϯ SEMs; ***p Ͻ 0.001). Rapamycin treatment significantly increased spine density in AS mice (1.87 Ϯ 0.09 vs 1.56 Ϯ 0.05; # p Ͻ 0.05 compared with vehicle-treated AS mice and not significant for vehicle-treated WT mice), whereas no significant changes Figure 2 . Effect of semi-chronic rapamycin treatment on motor function in WT and AS mice. Adult male WT and AS mice were treated daily with rapamycin (5 mg/kg, i.p.) and were tested for motor function on a rotarod apparatus and footprint analysis, as described in Materials and Methods. A, Rapamycin treatment increased the performance of AS mice on the rotarod test (means Ϯ SEMs; *p Ͻ 0.05, ***p Ͻ 0.001 compared with vehicle-treated WT mice, n ϭ 10; # p Ͻ 0.05, ## p Ͻ 0.01 compared with vehicle-treated AS mice, n ϭ 10 -12, Student's t test). B, Sway distance was increased in AS mice and reduced by rapamycin treatment (**p Ͻ 0.01 compared with vehicle-treated WT mice, n ϭ 8 -11; ## p Ͻ 0.01 compared with vehicletreated AS mice, n ϭ 6 -11). Two-way ANOVA with Newman-Keuls post hoc test. C, Stride length was decreased in AS mice and increased by rapamycin treatment (*p Ͻ 0.05 compared with vehicle-treated WT mice, n ϭ 8 -11; # p Ͻ 0.05 compared with vehicle-treated AS mice, n ϭ 6 -11). Two-way ANOVA with Newman-Keuls post hoc test. Rapamycin treatment did not affect WT mouse performance.
were observed in rapamycin-treated WT mice relative to vehicle-treated WT mice.
Recently, it has been reported that the striatum may also regulate rotarod performance (Rothwell et al., 2014) . We thus characterized levels and phosphorylation of proteins in the mTORC1 and mTORC2 signaling pathways in the striatum. Western blot results showed that, unlike in the cerebellum, Ube3A deficiency was not associated with imbalanced activation of mTORC1 and mTORC2, although rapamycin treatment significantly reduced mTORC1 signaling in both WT and AS mice (Table 2 ).
Discussion
It has been known that UBE3A deficiency results in AS since 1997 (Kishino et al., 1997; Matsuura et al., 1997) , and yet the precise mechanisms linking UBE3A deficiency to AS pathological features remain to be elucidated fully. Likewise, although motor dysfunction characterized with gait imbalance and ataxia occurs in almost all AS patients and in AS mice (Jiang et al., 1998; Heck et al., 2008; Huang et al., 2013) , the underlying mechanism remains unknown. In the present study, we found that abnormal overactivation of mTORC1 signaling in parallel with decreased mTORC2 activity in the cerebellum is critical for motor function impairments in AS mice, including rotarod performance and gait abnormalities. mTORC1 phosphorylation at Ser2448 and Ser2481 was enhanced, and phosphorylation of its downstream target proteins, S6K1 and S6, was also increased, with S6K1 highly increased in Purkinje neurons. Both effects, i.e., mTOR autophosphorylation and S6K1 phosphorylation, were reduced significantly by rapamycin treatment, suggesting that they are both mTORC1 mediated. Conversely, phosphorylation of the mTORC2 substrates AKT and NDRG1 was decreased, and the inhibitory phosphorylation of the mTORC2 regulator rictor was increased in AS mice; again, both effects were reversed by rapamycin treatment. These results indicate that, although mTORC1-mediated signaling is increased in AS mice, that of mTORC2 is reduced. Because both effects were significantly reversed by semichronic rapamycin treatment, these results also suggest that mTORC1 imposes a chronic inhibition on mTORC2, possibly through S6K1-mediated rictor phosphorylation. Collectively, our results indicate that balanced mTORC1 and mTORC2 activation in the cerebellum is important for motor function and that imbalanced mTORC1/mTORC2 signaling plays a critical role in motor function impairment in AS. 
Activity of mTORC1 is increased in AS cerebellum
Accumulating evidence has shown that mTORC1 and mTORC2 complexes respond to different upstream signals and trigger different downstream cascades. Thus, mTORC1 is activated by growth factor signaling through the phosphatidylinositol 3-kinase (PI3K)-AKT pathway and is inhibited by energy/nutrient deficiency via the liver kinase B1-AMP-activated protein kinase cascade. In contrast, mTORC2 responds mainly to growth factor stimulation and is insensitive to energy/nutrient status. Phosphorylation of mTOR at Ser2481 is considered to be an autophosphorylation site (Copp Soliman et al., 2010) and has been shown to increase mTOR activity (Caron et al., 2010; Soliman et al., 2010 ; although this remains controversial), whereas phosphorylation at Ser2448 was shown to be PI3K/S6K1 dependent and sensitive to rapamycin treatment (Chiang and Abraham, 2005; Copp et al., 2009) . Therefore, S6K1 could be the kinase phosphorylating mTOR at Ser2448, which is supported by the fact that levels of mTORSer2448 were reduced by rapamycin treatment.
How mTORC1 is activated in AS mice is not completely clear. The TSC1/2 complex is a major negative regulator of mTOR and TSC2 levels have been shown to be regulated by UBE3A. We found that TSC2 levels were increased in AS mice, a result in agreement with the literature (Zheng et al., 2008) . However, increased levels of TSC2 would inhibit mTOR instead of stimulating it. TSC2 activity is also regulated by inhibitory phosphorylation at several sites, including Thr1462. Our results showed that levels of p-TSC2-Thr1462 were increased in AS mice, indicating that the inhibitory activity of the TSC1/2 complex may be reduced, resulting in mTORC1 overactivation. Because rapamycin treatment significantly reduced TSC2 inhibitory phosphorylation and mTORC1 activity without affecting total TSC2, increased TSC2 inhibitory phosphorylation in AS mice could account for mTORC1 overactivation. AKT was first identified as the kinase phosphorylating TSC2 at Thr1462 (Inoki et al., 2002; Manning et al., 2002; Potter et al., 2002) . However, AKT is not likely the kinase phosphorylating TSC2 because its activity is reduced in AS mice, whereas TSC2 phosphorylation is increased in AS mice. In addition to AKT, ERK1/2 can inhibit TSC2 by phosphorylation at Thr1462, either directly or via the activation of RSK1 (Huang and Manning, 2008) . Thus, it is conceivable that increased ERK1/2 activation (Table 1) contributes to increased TSC2 phosphorylation in AS mice. However, p-TSC2 levels were reduced after rapamycin treatment, whereas active ERK1/2 levels were not affected (Table 1) . Therefore, a kinase sensitive to rapamycin treatment is likely to contribute to TSC2 phosphorylation at Thr1462. However, the identity of this kinase is currently unknown. Nevertheless, our results indicate that increased inhibitory phosphorylation of TSC2 contributes to overactivation of the mTORC1 pathway in AS mice. Once mTORC1 is activated, autophosphorylation at Ser2481 and phosphorylation at Ser2448 by S6K1 could keep mTORC1 in an active state.
Increased mTORC1/S6K1 activation inhibits mTORC2 signaling
In contrast to the increased phosphorylation of the mTORC1 downstream substrate S6K1, phosphorylation of the mTORC2 substrates AKT and NDRG1 was decreased. These results indicate that mTORC2 activity was decreased despite the release of inhibition normally provided by the TSC1/2 complex. This situation is reminiscent of what has been reported in cells lacking the TSC1/2 complex, in which inappropriate activation of mTORC1/ S6K1 blocks growth factor-stimulated phosphorylation of AKT at Ser473. It has been proposed that S6K1 overactivation through feedback inhibition suppresses cell response to growth factor stimulation, possibly through IRS degradation (Manning, 2004) . Additional studies showed that mTORC2 kinase activity was significantly reduced in a variety of cells lacking the TSC1/2 complex (Huang et al., 2008) . The same group showed that the effect of TSC1/2 on mTORC2 was independent of its effect on both Ras homolog enriched in brain and mTORC1, indicating that the TSC1/2 complex may directly stimulate mTORC2 activity (Huang et al., 2008) . Conversely, persistent mTORC1/S6K1 activity can inhibit mTORC2 through direct phosphorylation of members of the mTORC2 complex. For instance, S6K1 phosphorylates rictor at Thr1135 (Julien et al., 2010) and mammalian stress-activated MAP kinase-interacting protein 1 at Thr86 and Thr398 (Liu et al., 2014) , thereby inhibiting mTORC2-dependent AKT phosphorylation. Therefore, the lower mTORC2 activity in AS mice could be a consequence of TSC2 inhibitory phosphorylation or increased feedback inhibition by S6K1 on the mTORC2 regulator rictor. Because rapamycin treatment corrected both lower AKT phosphorylation and higher TSC2 inhibitory phosphorylation, mTORC1-S6K1 overactivation is likely the key event in AS mice (Fig. 9) .
Decreased mTORC2-AKT activity impairs spine development in Purkinje neurons and contributes to motor dysfunction Although the roles of mTORC1 in cell growth and proliferation have been well characterized (Wullschleger et al., 2006; Laplante and Sabatini, 2012) , mTORC2 roles are not as clear. Emerging experimental data in yeast and mammalian cell cultures indicate that mTORC2 may play critical roles in regulating the actin network and cell motility (Jacinto et al., 2004; Zhou and Huang, 2012) . Early studies in yeast showed that mTORC2 regulates actin cytoskeleton through activation of Rho family GTPases . Studies with mammalian cells showed that the same pathway is also responsible for mTORC2-mediated regulation of actin filaments (Jacinto et al., 2004) . Additionally, it has been shown that mTORC2 regulates the actin cytoskeleton through PKC␣ activation. However, additional research seems to indicate that the effects of AKT on cell motility are cell and tissue specific (García-Martinez and Alessi, 2008). AKT has been shown to play important roles in neuronal survival and synaptic plasticity. Deletion of the mTORC2 component rictor results in severe microcephaly, with decreased neuronal size and altered neurite organization, and motor function impairment (Thomanetz et al., 2013) . Furthermore, selective knock-out of rictor in Purkinje neurons leads to abnormal morphology of these neurons and motor dysfunction (Thomanetz et al., 2013) . Thus, it is conceivable that decreased mTORC2 activity together with increased mTORC1 activity are at least partially responsible for the reported immature dendritic spine phenotype in AS mice (Dindot et al., 2008) and the decreased spine density of Purkinje neurons in our study. This notion is supported by our results showing that rapamycin treatment not only significantly reduced alterations in the two mTOR signaling pathways but also improved dendritic spine morphology. Normalized mTOR signaling and improved Purkinje neuron morphology could contribute to rapamycininduced improved motor performance and gaits. Purkinje neurons receive excitatory inputs from the climbing fiber and parallel fibers, as well as regulatory inputs from various inhibitory interneurons; they send inhibitory signals to cerebellar nuclei, which control the final output of the cerebellum (White and Sillitoe, 2013) learning remains a topic for future research. Moreover, Gustin et al. (2010) showed recently that, in addition to the hippocampus and cerebellum, Ube3A deficiency was observed in almost all brain regions, including the striatum, thalamus, midbrain, and cerebral cortex. Whether these other regions also contribute, directly or indirectly, to motor dysfunction in AS remains an open question. Furthermore, because AS is a complex disorder, multiple factors are likely to be involved (Weeber et al., 2003; Greer et al., 2010; Margolis et al., 2010; Kaphzan et al., 2012 Kaphzan et al., , 2013 Cao et al., 2013) , which may explain the partial rescue of rapamycin treatment in the rotarod performance.
Conclusion
Ube3A deficiency in the cerebellum of AS mice was associated with increased levels and inhibitory phosphorylation of TSC2, an mTOR negative regulator, resulting in reduced mTORC1 inhibition. Consequently, activities of mTORC1 and its downstream target kinase S6K1 were increased, which reduced the activities of mTORC2 and AKT through rictor phosphorylation/inhibition. Imbalanced mTORC1 and mTORC2 activation plays important roles in the motor dysfunction and abnormal dendritic spine morphology of Purkinje neurons in AS mice, because semichronic rapamycin treatment not only corrected the activity of both complexes but also significantly improved motor function and dendritic spine morphology. These results not only shed light on the pathogenesis of cerebellum-dependent motor impairment but also could lead to new treatment for patients with AS directed at reestablishing a normal balanced activation of mTORC1 and mTORC2. . Altered mTORC1 and mTORC2 signaling in AS mice. Schematic representation showing the essential elements in mTORC1 and mTORC2 signaling pathways and their alterations in AS mice. TSC2 is a negative regulator of mTORC1 and is generally degraded in an Ube3A-dependent manner. Ube3A deficiency results in increased TSC2 levels and its inhibitory phosphorylation, which produces an overactivation of mTORC1. mTORC1-S6K1 overactivation suppresses mTORC2 by phosphorylating rictor and potentially (dash line) inhibits TSC1/2 activity by phosphorylating TSC2. Red line, Increased activity in AS mice; gray line, decreased activity in AS mice. PIP2, Phosphatidylinositol-4,5-biphosphate; PIP3, phosphatidylinositol-3,4,5-triphosphate; PTEN, phosphatase and tensin homolog; PDK1, pyruvate dehydrogenase lipoamide kinase isozyme 1; 4EBP1, 4E-binding protein 1.
